Abstract. Cavity-nesting bees are enigmatic because they are difficult to observe in the wild, hence trap-nests (man-made cavities) provide the means by which these bees may be studied. Trap-nests is an efficient methodology to study these bees and are common worldwide. These traps have been used for a variety of reasons, including inventories, to examine pollen load, to study habitat disturbance, and bee conservation. However Neotropical trap-nesting bees' taxonomy and biology are still poorly known and here we provide a review about these subjects. We searched for trap-nest bee studies in the Neotropical Region using Google Scholar and ISI Web of Science at any time in the past to December 2017. We found 109 independent studies, most of which were from Brazil (87 studies), followed by Argentina (10 studies), and other countries had fewer than five studies each. A total of 140 species, 24 genera, 10 tribes and three subfamilies were reported in trap-nests. Nest architecture was described for only 49 species. Taxonomy is only well-known for 14 genera, somewhat known for seven and is essentially unavailable for three genera. Construction material, closing plug and cell shape are similar among species in the same tribes and genera. Vestibular and intercalary cells, and the preliminary plug are variable, even at the specific level. Apinae is the most studied group with available data for all genera recorded in trap-nests. Colletinae is the least-studied group and nothing is known for their nesting biology. Megachilinae is intermediate, with some studies of taxonomy and nesting. We suggest that further trap-nest studies should provide more detailed information on nest architecture and construction materials, including explicit mention of structures that are absent. All Neotropical bees need more taxonomic studies, but some, such as Hylaeus and Megachile, require more attention since Hylaeus is essentially unknown and Megachile is very common on trap-nests.
INTRODUCTION
Bee nests ordinarily comprises brood cells and associated structures and are often in burrows in the soil, aboveground cavities or free-standing (Michener, 2007) . Most bees and apoid wasps excavate underground nests and this form of nesting is primitive in the superfamily (Melo, 1999; Hedtke et al., 2013; Branstetter et al., 2017 ). While we do not yet have a phylogenetic reconstruction of substrate preference for all bee species, apparently aboveground nesting arose independently several times. Four of the seven bee main lineages have species that nest in cavities and there are some reversals to soil nesting (Almeida, 2008) .
Aboveground substrates are variable and cavity-nesting bees are likely to be an artificial ecological grouping. The use of existing tunnels in deadwood is common and bees often excavate decomposing wood and soft pith in stems and galls for nests (Sheffield et al., 2011) . Other examples of natural substrates include snail shells (Gess & Gess, 2008) , rock surfaces (Eickwort, 1975 ) and man-made cavities, such as in brick walls , metal frames (Sheffield et al., 2011) , farm tractor radiators (Sheffield, 2017) and door locks (RBG pers. obs.).
As a consequence of the wide variety of nesting substrates, artificial nesting substrates (trapnests, nest-boxes, bee hotels) can be used to trap these cavity nesting bees and wasps (Krombein, 1967; MacIvor & Packer, 2015) . These traps are often made of bundles of hollow stems, paper or cardboard tubes (Camillo et al., 1995; and holes drilled in wood (Krombein, 1967; Buschini, 2006 ; see MacIvor, 2017 for a review). Characteristics of the entrance diameter, nest length, color and also placement of nests all influence bee selection and use of traps-nest (Krombein, 1967; MacIvor & Packer, 2015) . Also, traps can be placed in aggregates of greater density to improve the likelihood of use. Studies tend to develop their own type of trap and so a wide variety of traps and their dispositions have been used, making comparisons of these studies very difficult.
As a consequence of the successful use of traps, studies are common worldwide, with over 1,300 results in Google (January 2018). Traps are used for many reasons, including to sample and monitor cavity nesting species and their predators , to compare habitats among different regions , to examine altitudinal gradients and vertical stratification (Morato, 2001b; Stangler et al., , 2016 , to detect responses to fragmentation (Stangler et al., , 2016 ; RochaFilho et al., 2017) and urbanization (Pereira-Peixoto et al., 2014) , to promote pollination and pollinator conservation (MacIvor & Packer, 2015) and to study the nest biology and behavior of particular groups (Rocha-Filho & Garófalo, 2016a,b; .
Despite of the large number of trap-nest studies, the Neotropical bee fauna taxonomy and diversity is still poorly known (Silveira et al., 2002) . Here we summarize the available information on biology and taxonomy of trap-nesting bees in this region. A synopsis is important to provide direction for future studies because further coordinated efforts will be important to produce comparable data and robust advances in this research field.
MATERIAL AND METHODS
To summarize the trap-nesting studies, we searched using Google Scholar and ISI Web of Science through the end of 2017. We used the following search terms: (Ninhos armadilha OR Nidos trampa OR Trap-nest OR Trap-nest bees) AND (Neotropical OR countries names). We included all countries from Chile to Mexico as search terms. The literature cited along any retrieved study was also used to find additional references. The following criteria was used to select the studies for this work: (1) used trap-nesting methods (understood here as any artificial cavity that was built by the researcher in which bees nested); (2) a primary reference, revision studies were not included; and (3) published in a peer reviewed journal or as an academic thesis or dissertation (other gray literature such as abstracts and conference reports were not included).
Data for nesting behavior, other biological details at higher taxonomic levels and the number of species in the world follow Michener (2007) . The number of Neotropical species follows the online version of Moure's Bee Catalogue (Moure et al., 2013) . Nesting behaviors of species and genera were gathered from the original studies. Terminology for nest architecture follows Krombein (1967) as illustrated in Fig. 1 . Trap-nest biology knowledge is considered "available" when there is at least one published description with details on the architecture using the trap-nest methodology, and "unavailable" in the absence of this information. Species identification was taken from the original studies and, if necessary, revised following Moure's Bee Catalogue (Moure et al., 2013) . We adopt the single-family classification for bees following Melo & Gonçalves (2005) . Identification at morphospecies ("spp. ") was also included in Table S1 but not counted in Table 1 except for the genera only recorded for undetermined species. We opted to include all records of primary references except for a single morphospecies of Neofidelia (Veddeler et al., 2010) . This refers to soil nesting species that are probably incorrectly identified. Taxonomy for each genus was evaluated at the species level and was considered "sufficient" when published taxonomical revision with identification keys is available, "moderate" when species are relatively well known and partial (regional or subgeneric) revisions are available, but much of the identification relies on taxonomists, and "insufficient" otherwise. Identification resources were gathered from Michener (2007), Moure et al. (2013) and Table 1 . A summary of trap-nesting bee genera from the Neotropical region. Notes: ¹morphospecies are excluded for most genera; ²only recorded as morphospecies; ³available for nest description of at least one species; ⁴sufficient for taxa with published taxonomical revision, moderate for taxa only identified by taxonomists, insufficient when no revision is available.
published studies as described above. For the distributions of genera we followed Moure et al. (2013) and for species we used information from the original trap-nest studies (Table S1 ). States or provinces are informed of Argentina, Brazil and Mexico.
RESULTS
Our literature search resulted in a total of 109 independent studies, 87 from Brazil followed by Argentina (10), Costa Rica (5), Ecuador (2), Colombia (2), Mexico (1), Jamaica (1) and Trinidad and Tobago (1) (Table S1 summarizes trap-nesting bee literature). These studies comprised 140 species, 24 genera, 10 tribes and three subfamilies of trap-nesting bees in the Neotropical region. Nest architecture was described for 49 species and another 65 species were reported without descriptions (Tables 1 and 2 ). Fourteen genera had sufficient taxonomic descriptions, seven moderate and three insufficient. ogies. All tribes of wood cavity nesting bees except the Tapinotaspidini were sampled using trap-nests, and Centridini, Euglossini and Tetrapediini were often found in these Neotropical studies.
Centridini. Traditionally the tribe comprised Centris and Epicharis (Bossert et al., 2019) , but it can be paraphyletic (e.g., Martins & Melo, 2016) . Centris included 251 species (Michener, 2007) , mostly Neotropical (224 species) (Moure et al., 2013) , use floral oils mixed with other material for nest construction and protection (Vinson et al., 1996) . Nesting in existing cavities arose two times in this . These subgenera use different material for nest construction; for example, Heterocentris use wood chips and Hemisiella use sand . Otherwise, nest characteristics are similar among these subgenera ( Table 2) . (Table 1,  Table S1 ). Phylogenetic relationships among these four lineages vary by study, yet Allodapina and Ceratinina are consistently considered to be sister groups 
COLLETINAE.
Known for polyester brood-cell lining, wood nesting probably arose once in the subfamily along with multiple reversals to soil nesting (Almeida, 2008) . Of the Neotropical aboveground nesting lineages, only Xeromelissini was not sampled with trap-nests. Nesting behavior in this subfamily was revised by Almeida (2008) .
Colletini. This tribe comprises three Neotropical genera, Hemicotelles (2 species), Rhynchocolletes (12 species) and Xanthocotelles (11 species) plus the cosmopolitan Colletes (330 species, 108 Neotropical species) (Michener, 2007) . The nesting substrates of Hemicotelles and Xanthocotelles are unknown (Michener, 2007) . One species of Rhynchocolletes was recently sampled with trap-nests (Diniz, 2010). Colletes was sampled only once with trap-nests in Neotropical region. Most species nests in soil, some in stem pith or existing cavities (Almeida, 2008) . Soil nesting Colletes have linear cells and they lack basitibial and pygidial plates, for this the cavity nesting behavior may be primitive (Almeida, 2008) . Otherwise, trap-nest biology in Neotropical species is unknown. Ferrari & Silveira (2015) provided a key to species of Colletini of Minas Gerais (Brazil) and Ferrari (2017) for Colletes of Chile.
Hylaeini. Hylaeus comprises 624 species worldwide of which 111 are Neotropical (Michener, 2007) . They nest in existing cavities in a variety of substrates, including wood, pith, rock and soil (Michener, 2007; Almeida, 2008) . Nothing is known of the Neotropical species and no identification key is available.
MEGACHILINAE.
Most lineages of this subfamily include species that nest above ground, except near root lineages (Gonzalez et al., 2012) . Nests may be in the soil, in burrows in the wood, in plant stems, in other cavities, or may be free-standing constructs. Materials used to construct their nest are variable (petals and leaves, resin, nectar, saliva, others). The tribes Anthidiini, Megachilini and Osmiini have been observed carrying material for nesting (Michener, 2007 ) and all these tribes, along with the Lithurgini, used trap-nests in the Neotropical region. ) for a list of Danuncia Urban' publications that include comparative notes and keys to the species. Anthiidines nest in existing cavities or build exposed nests, while few species excavate soil nests (Michener, 2007 ). Nests comprise a wide variety of materials, including resin, leaf and flower pieces, plant fibers and pebbles (Michener, 2007) . A total of 26 species and 12 genera were reported using trap-nests (Tables 1 and S1 ). Nest architecture is known for: Anthidium (50 Neotropical species), Anthodioctes (43 species), Carloticola (2 Neotropical species) Ctenanthidium (4 species), Duckeanthidium (4 species), Epanthidium (23 species), while nothing is known for half of the genera: Anthidulum (7 species), Dicranthidium (8 species), Hypanthidium (20 species), Loyolanthidium (8 Neotropical species), Nananthidium (13 species) and Saranthidium (10 species) (Moure et al., 2013, Table 1,  Table S1 ).
Anthidium nests partitions and plugs include plant trichomes and other material such as fruits, seeds, leaves, small rocks, wood chips and detritus . Urban (1999 Urban ( , 2002 Urban ( , 2003 Urban ( , 2004 .
Carloticola nests and cells partitions are of clay or sand mixed with resin (Mello, 2014) . Entrance diameter varies from 6-10 mm and nests have 3-6 brood cells. Vestibular cells are filled with flower buds (Asteraceae or Malpighiaceae) and a preliminary plug is present (Mello, 2014) . The genus occurs in Argentina, Brazil and Paraguay (Moure et al., 2013) . Identification follows Moure & Urban (1990) .
Ctenanthidium, a single nest of Ctenanthidium bifasciatum Urban, 1993 was described by . Resin covered the inner walls, brood cells and partitions. The entrance was 4.0 mm in diameter. The nest had three serial brood cells between an empty space in the distal end of the nest and a closing plug. The genus is found in Argentina, Bolivia, Brazil and Uruguay (Moure et al.,  2013) . Identification follows Urban (1991) .
Duckeanthidium cells are made with glandular substance and plant resins . Entrance diameter varies from 11-13 mm. Nests have 1-3 brood cells, 15-45 mm from the preliminary plug. Partitions and closing plug were extremely hard, with a resin-like material in the closing plug. The genus occurs from Costa Rica to Brazil (Moure et al., 2013) . Comparative notes about taxonomy of the species can be found in Michener (2002) and Urban (2004) .
Epanthidium nests are of resin mixed with mud or sand (Gomes, 2016) with 2-9 linear brood cells, occasionally with vestibules. The genus occurs from Mexico to Argentina (Moure et al., 2013 ) and information to identify its species can be found in Urban (1992 Urban ( , 2006 Urban ( , 2011 .
Lithurgini. This tribe comprises two South American genera, Microthurge (4 species) and Trichothurgus (14 species) plus two genera with Neotropical species, Lithurgopsis (5 Neotropical species) and Lithurgus (1 Neotropical species), these species nest in dead, dry, decomposing wood, making nests without cell linings and often without partitions (Michener, 2007; Moure et al., 2013) . Microthurge corumbae (Cockerell, 1901) can reuse nests made by one or more females in which guarding occurs . Trichothurgus laticeps (Friese, 1906) build nests with wood particles and pollen . Entrance diameter varying from 8-11 mm and nests are without a closing plug and most are without cell partitions. Females excavate wood with mandibles . Trichothurgus occurs in Argentina, Chile and Peru (Moure et al., 2013) , and an identification key is provided by Michener (1983) .
Megachilini. This tribe has two Neotropical genera:
Megachile and the cleptoparasite Coelioxys. Megachile comprises 1,093 species, of which 431 are Neotropical (Michener, 2007; Moure et al., 2013) , with 32 Neotropical subgenera. Nests are built, often with petals and leaves, in existing cavities in soil, wood, and man-made objects, while some may be free-standing construction (Michener, 2007) . Seventeen subgenera and 33 species were studied using trap-nests. et al., 2008) . Osmiini from the New World tend to nest aboveground more than those from the Old World (Praz et al., 2008) , however, the group lacks phylogenetic consensus which is necessary for a proper reconstruction of nesting behavior (Praz et al., 2008; Gonzalez et al.,  2012) . One Heriades morphospecies was reported in trap-nests in the Neotropical region without nest information ). An identification subgenera's key is provided by Michener (2007) .
DISCUSSION
We reviewed 109 trap-nesting studies in the Neotropical region that included information for 140 species and 24 genera. Garófalo et al. (2004) listed 57 species for Brazil while we report 90 Brazilian species demonstrating rapid advancement in the study of this group of bees. Some of them are studied more often than others. The Apinae are the most studied, with data for all genera sampled in trapnests. Conversely, trap-nesting Colletinae have not been reported, and the taxonomy of this subfamily has received little attention (see below). Megachilinae are intermediate, with many nests of the Anthidiini being properly described. Their taxonomy is relatively well-understood (Table 1) .
We found that most studies were from Brazil and they were restricted to about half of the states, mostly southeastern (Freitas et al., 2009 ). The other Neotropical countries continue to be very poorly studied. Argentina, Ecuador and Colombia have several studies and may be considered to have quite understanding of their trap-nesting bees biodiversity. In Central America, Costa Rica is better sampled (e.g., Coville & Coville, 1980; , followed by Panama.
The details of nest architecture are similar to most of the taxa with respect to construction material, closing plug and cell shape (Table 2) , while other structures may vary among lineages and intraspecifically. For example, entrance diameter is correlated with female body size ensuring the fit of brood cells (Krombein, 1967; MacIvor, 2017) . Diameter of trap-nests also seems to be due to female choice, in part, and varies widely among studies (Coville, 1982; MacIvor, 2017) . The number of brood cells is also variable and associated with resource availability, sex ratio of progeny and of course, nest length (Coville, 1982; Morato & Martins, 2006) . Vestibular and intercalary cells and the preliminary plug also vary widely among trap-nesting bees (Table 2 ). Vestibular cells vary from occasional to common (Krombein, 1967; Asís et al., 2007) , and while they have been suggested to be a defense against parasites (Krombein, 1967; Coville & Coville, 1980) , their true purpose has not been experimentally tested (Asís et al., 2007) . Also, vestibular cells often remain unmentioned in studies and so their presence or absence in those studies is unclear. As an important nest feature, we recommend that presence and absence of the vestibular cells always be clearly stated. Intercalary cells and the preliminary plug are seldom observed, they may be used in the defense against parasites or to change the conformation of the inner end of the boring, respectively (Krombein, 1967; O'Neill, 2001 ).
Taxonomic information was sufficient for only 14 genera, more than half of which are in the Anthidiini. This well-known tribe was studied extensively by Urban (see bibliography in Martins et al., 2015) . Essentially all the remaining groups are poorly studied taxonomically (Table 1) . Relatively well known genera include Centris, and Xylocopa, whose species can often be identified by specialists, but comprehensive keys are not yet available. Hylaeus and Megachile remain poorly studied with many unnamed species (Moure et al., 2013) . Tetrapedia is also poorly studied but not so diverse as Hylaeus and Megachile (Moure et al., 2013) .
Taxonomical impediment is an important issue in many insect studies (Oliveira et 
CONCLUSIONS
Herein we summarized biological and taxonomic knowledge of trap-nest bees in the Neotropical region. Priorities for future research must be settled to fill the more important gaps. For example, researchers should clearly provide details of nest architecture, including clear statements about the presence and absence of structures that can be considered as characters. We propose that researchers provide details of building material, entrance diameter (if oval, diameter along both axes), cell arrangement, number and shapes of brood cells, presence/absence of vestibular and intercalary cells, preliminary and closing plugs and the back empty space. Some of Neotropical trap-nesting groups require further taxonomical work, but especially Hylaeus and Megachile seeing of the absence of modern taxonomic studies. Megachile has an additional requirement since its high abundance in trap-nests studies. 
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